Transcriptional coordination is a vital process contributing to metabolic homeostasis. As 25 one of the key nodes in the metabolic network, the forkhead transcription factor FOXO has been 26 shown to interact with diverse transcription co-factors and integrate signals from multiple 27 pathways to control metabolism, oxidative stress response, and cell cycle. Recently, 28 insulin/FOXO signaling has been implicated in the regulation of insect development via the 29 interaction with insect hormones, such as ecdysone and juvenile hormone. In this study, we 30 identified an interaction between dFOXO and the zinc finger transcription factor Kruppel 31 homolog 1 (Kr-h1), one of the key players in juvenile hormone signaling in Drosophila. We 32 found that Kr-h1 mutants have reduced triglyceride storage, decreased insulin signaling and 33 delayed larval development. Notably, Kr-h1 physically and genetically interacts with dFOXO in 34 vitro and in vivo to regulate the transcriptional activation of adipose lipase brummer (bmm). The 35 transcriptional co-regulation by Kr-h1 and dFOXO may represent a broad mechanism by which 36 Kruppel-like factors integrate with insulin signaling to maintain metabolic homeostasis and 37 coordinate organism growth. 38 39 40 41 42 43 44 45 46 47
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3.4-fold in wildtype) (Two-way ANOVA, interaction p=0.1023) (Fig. 2F ). Thus, in Kr-h1 162 mutant larvae, insulin signaling is inhibited and dFOXO is activated. 163 Kr-h1 genetically interacts with dfoxo to regulate the transcription of InR and bmm, and 164 lipid metabolism. 165 To determine the requirement of dFOXO for Kr-h1-mediated lipid metabolism, we 166 generated a double mutant by combining Kr-h1 [7] and dfoxo [21] 35 . Interestingly, dfoxo [21] 167 mutants suppressed the elevated InR and bmm expression found in Kr-h1[7] mutants ( Fig. 2G &   168 2H), confirming that these transcription factors co-regulate key metabolic genes. Furthermore, 169 the reduction of TAG in Kr-h1 [7] mutants was rescued by dfoxo[21]-/- (Fig. 2I ). Together, these 170 results reveal a genetic interaction between Kr-h1 and dFOXO in the control of the transcription 171 of metabolic genes and lipid metabolism. Kr-h1 physically interacts with dFOXO 173 Kr-h1 and dFOXO may interact directly or indirectly to regulate the expression of InR 174 and bmm. To test the possibility of direct interaction, we attempted to co-immunoprecipitated 175 (Co-IP) Kr-h1and dFOXO in cultured Drosophila cells. We were able to pull down endogenous 176 dFOXO from nuclear and cytoplasmic extracts using an anti-dFOXO antibody. Interestingly, Kr-177 h1 was detected in the protein complex from the nuclear extracts, but not from the cytoplasmic 178 extracts ( Fig. 3A ), suggesting that Kr-h1 can form a protein complex with dFOXO in the nuclei. 179 To identify the protein interaction site between these transcriptional factors, we cloned a 180 series of deletion fragments that contained different protein domains into the Gateway expression Kr-h1 fragments with no Q-rich domain showed no binding (Fig. 3C) . Therefore, the 185 transaction/repression domain of Kr-h1 is responsible for the interaction between Kr-h1 and 186 dFOXO. 187 The direct interaction between dFOXO and Kr-h1 may serve as a mechanism for the 188 transcriptional repression of dFOXO target genes by Kr-h1. To test this idea, we co-expressed Supplementary Table S1 ). We did not find any Binding of dFOXO and Kr-h1 to these putative sites was determined by ChIP-PCR 207 analysis in fasted animals. At InR, dFOXO binding was strongest in the P1 region located at the 208 5'-UTR region (Fig. 4C ), while Kr-h1 bound most strongly to the P3 regions ( Fig. 4D ). At bmm 209 lipase, both dFOXO and Kr-h1 bound with highest affinity in the P1 region ( Fig. 4E & 4F) . The 210 co-localization of Kr-h1 and dFOXO binding suggests these factors could interact at promoters 211 to control the transcriptional activation of the key metabolic genes, and bmm lipase in particular.
212

Kr-h1 represses dFOXO binding to the promoter of InR and bmm 213
Kr-h1 may repress dFOXO activity by inhibiting its binding at response elements in bmm 214 and InR. We performed a ChIP-PCR to test this possibility using anti-dFOXO antibody and Kr-215 h1[7] mutants. dFOXO binding to the InR P1 region was increased from 2.9-fold relative to 216 negative control (Act5C) in fasted wildtype to 8.95-fold in fasted Kr-h1 mutants (Two-way 217 ANOVA, interaction p<0.0001) ( Fig. 4G ). In contrast, dFOXO binding to the bmm P1 region 218 was slightly but non-significantly increased from 2.1-fold in fasted wildtype to 2.8-fold in fasted 219 Kr-h1 mutants (Two-way ANOVA, interaction p=0.5862) ( Fig. 4H ). At the InR promoter in 220 particular, inhibition of dFOXO-DNA interaction may be one mechanism by which Kr-h1 221 modulates dFOXO transcriptional activity. Notably, in a reciprocal experiment with anti-Kr-h1 222 antibody, the binding of Kr-h1 to InR and bmm promoters was abolished in dfoxo[21] mutants 223 ( Fig. 4I & 4J) . These data suggest that Kr-h1 may be recruited after dFOXO binds to the 224 promoters of target genes, and Kr-h1 subsequently modulates the transcriptional activities of 225 dFOXO through interfering with dFOXO-DNA interactions.
226
Kr-h1 expresses in adipose tissue to control larval development and lipid metabolism 227
To determine where Kr-h1 and dFOXO interact in vivo, we first examined the tissue- programming, but also in metabolic control 9, 40-42 , although how JH affects metabolism is 255 fundamentally unknown.
256
Given that Kr-h1 and dFOXO functionally interact to control lipid metabolism, we 257 examined if this feature provides a way for JH to affect metabolic regulation through bmm 258 transcription. Consistent with previous studies 9 , triglyceride levels were reduced in flies where 259 the corpora allata were genetically removed (CAX) ( Fig. 7A ). Conversely, wild-type flies Since both Kr-h1 and dFOXO express highly in metabolic tissues (fat body and muscle) 342 of Drosophila, it is likely that the two transcription factors co-regulate many key metabolic 343 genes in these tissues. On the other hand, these metabolic tissues also contribute significantly to Kr-h1 polyclonal antibody was generated in rabbits against the short peptide sequence 367 'LIEHFKRGDLARHG' (Covance, Dedham, MA, USA) and affinity purified (Thermo Fisher 368 Scientific, Waltham, MA, USA). The antibody recognized three major bands in western blots 369 (Fig. 1C) . These bands may be corresponding to the three isoforms of Kr-h1 (α, β, γ). All Supplementary Table S1 . Chromatin immunoprecipitation (ChIP) 431 ChIP was conducted as previously described 46 . About 50 staged larvae were used in each To compare the mean value of treatment groups versus that of control, either student t-test or Fasting-triggered fly perilipin Lsd-1 repression was significantly enhanced in Kr-h1 mutants.
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Statistical significance is assessed by two-way ANOVA followed by Tukey multiple 673 comparisons test (*** p<0.001, ** p<0.01, * p<0.05). 
